The medial prefrontal cortex (mPFC) is involved in a variety of cognitive and emotional processes; in rodents its implication in motor planning is less known, however. We therefore investigated how the mPFC contributes to the information processes involved in the execution of a reaction time task in rats. Subjects were trained to rapidly release a lever at the onset of a cue light, which was presented after an unpredictable period of variable duration (500, 750, 1000 and 1250 ms). Excitotoxic lesions of the whole mPFC or two mPFC subregions [e.g. the dorsal anterior cingulate and the prelimbic-infralimbic (PL-IL) areas] were achieved by intracerebral infusions of ibotenic acid (9.4 mg/mL) at different volumes. Extensive mPFC lesions produced increased premature responding and disrupted motor readiness, e.g. the distribution of preparatory patterns during the variable preparatory periods. The deficits lasted for 3 weeks and could be reinstated 2 months after the lesion by varying the duration of the preparatory periods to increase time uncertainty. Furthermore, lesions restricted to the PL-IL cortex areas reproduced all the deficits of mPFC lesions, whereas pregenual anterior cingulate cortex lesions had no effect. The results emphasize a critical role of the rat PL-IL region in motor preparatory processes. Hence, discrete lesions of this area reproduce some deficits such as impairment of time estimation and disinhibitory behaviours observed in humans with frontal hypoactivity.
Introduction
The medial prefrontal cortex (mPFC) has traditionally been implicated in attentional processes, working memory and behavioural flexibility (see for review Kolb, 1984 Kolb, , 1990 Goldman-Rakic, 1987; Fuster, 1997; Bechara et al., 1998) . In rats, the mPFC is subdivided into a dorsomedial PF region which includes the medial precentral and anterior cingulate (AC) and a ventromedial region which includes the prelimbic-infralimbic (PL-IL) areas. These regions are dissociable by their anatomical connexion (Van Eden et al., 1992; Condé et al., 1995) and their functions. Neurotoxic lesions restricted to the PL-IL impair visual attention performance (Muir et al., 1996; Broersen & Uylings, 1999; Passetti et al., 2000) , produce behavioural flexibility deficits (Delatour & Gisquet-Verrier, 1996 , 1999 Ragozzino et al., 1999a Gisquet-Verrier et al., 2000) but do not affect response or spatial learning (Joel et al., 1997; Granon et al., 1998) , whereas lesions restricted to the AC facilitate the acquisition of a visual discrimination (Bussey et al., 1997) and impair that of a spatial alternation task (Delatour & Gisquet-Verrier, 2001) . Less is known, however, about the functions of these mPFC subregions in the control of movement, although converging lines of evidence suggest that the dorsomedial aspect of the frontal cortex in the rat is connected to secondary motor cortices. Recent neuroimaging studies reported that in humans the medial part of the PFC is preferentially engaged when subjects performed repeated tasks whereas the polar prefrontal cortex is involved in the performance of movements in reaction to sensory events involving a planning of action (Koechlin et al., 2000) . Assuming that the cortical bases underlying motor control obey common organization principles, we tested the hypothesis that the mental processes required to perform a rapid movement after a sensory cue would involve distinct regions of the mPFC. The latency to respond in a reaction time (RT) task reflect the information processing allowing to perceive a stimulus and produce a response accordingly. The presentation of the signal can be preceded by intervals of variable duration known as the foreperiod during which the subject prepares its response (Näätänen, 1970; Requin et al., 1991) . When the foreperiods of variable durations are distributed randomly, the preparation increases as a function of increasing probability of cue occurrence and the RT decreases accordingly. These properties have long been known in humans (Näätänen, 1970; Kornblum, 1973; Polzella et al., 1989) ; however, these motor preparatory mechanisms have only recently been studied in RT tasks in rats (see Blokland, 1998 for review). The neural substrate is not clear either, although the fronto-striatal loop circuit (Alexander et al., 1986 ) with a dopamine neuromodulation appear to be involved in these processes (Brown & Robbins, 1991; Baunez et al., 1995) . The present experiments therefore examined the role of the rat mPFC in the control of a forelimb movement triggered by a cue light in an RT task. The contribution of the mPFC including the PL-IL and AC subregions to the control of RT performance was therefore assessed in rats receiving large or discrete lesions of the mPFC to differentiate these two subregions.
Materials and methods

Animals
Male Wistar rats (Iffa-Credo, Lyon, France) weighing 300-350 g at the time of surgery were housed two to a cage in a temperature-and lightcontrolled room (lighting from 07.00 h and 19.00 h). They were handled for 2-3 days upon their arrival in the rat facilities. Rats were food-restricted to 15-17 g laboratory chow per day to maintain them at about 85% of their free-feeding weight. Water was available ad libitum. All procedures were conducted in accordance with the requirements of the French 'Ministère de l'agriculture et de la pêche ' Décret n887-848, October 19, 1987 .
Behavioural tests
Apparatus
Rats were tested in standard operant chambers (23 Â 22 Â 30 cm) (Campden Ltd, Cambridge, UK). Each chamber was equipped with a retractable lever, a food magazine, and a cue light (2.8 W) located above the lever corresponding to the trigger stimulus. A red house-light (2.8 W) located on the ceiling was turned on at the beginning of the testing session. Each cage was placed in a wooden sound-attenuating cabinet ventilated by low-level noise fan. The operant boxes were controlled and data collected online by a microcomputer and a laboratory interface.
RT task
As previously described (Amalric & Koob, 1987; Baunez & Amalric, 1996) , the trial is initiated by the rat itself pressing a lever down until the presentation of a cue-light (Fig. 1) . The onset of the cue light was randomized between four preparatory periods (i.e. foreperiods of 500, 750, 1000 and 1250 ms). The rats had then to release the lever as fast as possible within a time window set at 600 ms. These responses considered as correct were reinforced by a 45 mg food pellet (Bioserv Inc., Frenchtown, NJ, USA). Each session ended after a total of 100 trials, which animals typically achieved within 10-15 min. The animals learned the behavioural task in approximately three months to reach a level of 70% correct trials. The RT was the time elapsing from the cue onset to the lever release, which averaged 300 ms at the end of the training period. This simple RT paradigm has been adapted from a procedure widely used in humans to test akinetic deficits in parkinsonian patients (Evarts et al., 1981) . Considering the minimum detection times of the cue light (Kornblum, 1973) , the responses with RTs starting from time zero (i.e. when the cue light is presented) to 100-150 ms following the presentation of the cue were found to be distinct from the Gaussian RT distribution. These responses in which the RT was so brief that true detection of the cue was unlikely to have occurred were considered as 'successful' premature responses (lever release prior to the cue onset) and were analysed separately. Latencies to release the lever over the 600 ms time limit led to delayed responses and were not rewarded.
Stereotaxic surgery
Rats were anaesthetized with a solution of xylazine (15 mg/kg) and ketamine (100 mg/kg) injected i.m and positioned in a stereotaxic frame (David Kopf Instrument, Tujunga, CA, USA) with the incisor bar set at 3.3 mm below the interaural line. Ibotenic acid (Sigma, Saint Quentin Fallavier, France) was diluted to 9.4 mg/mL in phosphate buffer (PB, 0.1 M). The solution was infused at a rate of 0.165 mL/ min via a 30-gauge cannula attached to a 10-mL Hamilton syringe mounted on a microdrive pump (CMA/100; CMA, Stockholm, Sweden). Injectors remained in place for a further 2 min after the end of the injection to allow the drug to diffuse away from the injection site.
In Experiment 1, 0.8 mL ibotenic acid (9.4 mg/mL; lesioned rats n ¼ 12) or vehicle (PB 0.1 M, sham rats n ¼ 15) solution was infused bilaterally into the mPFC at the following coordinates according to the atlas of Paxinos & Watson (1986) : from bregma AP þ3.5 and L AE 0.7, and from dura DV À3.5. In Experiment 2, one subgroup of rats (n ¼ 9) received bilateral infusions of the ibotenate solution in two sites (0.2 mL/site) in the prelimbic-infralimbic area (PL-IL) at the following coordinates (AP and L taken from bregma, DV from dura: AP þ3.2; L AE 0.5; DV À5.0 and AP þ2.2; L AE 0.5; DV À4.2. Another subgroup (n ¼ 12) received the ibotenate infusion (9.4 mg/mL) in two sites (0.2 mL per site) in the AC at the following coordinates (AP and L taken from bregma, DV from dura): AP þ3.8; L AE 0.5; DV À2.0 and AP þ2.5; L AE 0.5; DV À2.0. Vehicle (PB 0.1 M) was infused in the same sites in sham animals of each subgroup (n ¼ 6 and n ¼ 10, respectively). In the present study, the anterior cingulate cortex was defined as the pregenual Cg1 area (i.e. rostral portion of the AC) and the prelimbic cortex the Cg3 area according to Zilles (1985) .
During a 1-week postoperative recovery period, rats were weighed daily and fed with ground rat chow mixed in water if necessary. They were then tested in the conditioned RT task daily until postoperative day 32. The long-term effects of the lesion were examined further on day 40-60 postsurgery. To assess these effects, because most of the animals recovered their baseline performance within 1 month, a subgroup of control or lesion animals (n ¼ 7 each) was further tested and challenged in a different paradigm where time uncertainty was increased. The attentional demand of the basic task was manipulated by varying the duration of the various intervals preceding the cue onset. This manipulation was employed to assess the ability of rats with mPFC lesions to adapt to a new time constraint. The duration of the variable preparatory periods preceding the cue light presentation was Rats initiated a trial by depressing the lever and waiting for a trigger stimulus (cue light located above the lever). The onset of the cue was randomized between four different foreperiods: 500, 750, 1000 or 1250 ms. If rats failed and released the lever before the cue (i.e. premature response), no reward was given and a new trial had to be initiated. If they succeeded in this first criterion, they then had to release the lever within 600 ms in order to be rewarded by a 45-mg food pellet. If the lever was released after 600 ms, this was counted as a delayed response with no reward. The time period from the trigger stimulus to the lever release was measured as RT. The session ended after a total of 100 trials.
therefore manipulated according to a procedure previously used by Amalric & Baunez (1999) : (i) over five consecutive sessions the intervals were shortened by 100 ms (400, 650, 900, 1150 ms); (ii) then, 10 sessions with the original test schedule (500, 750, 1000, 1250 ms) were conducted in order to restore baseline performance; and (iii) finally, the intervals were increased by 100 ms (600, 850, 1100, 1350 ms) over five consecutive sessions.
Histology
To verify the location and extent of the prefrontal cortex ibotenic lesions, animals were killed by decapitation after completion of behavioural testing and the brains frozen to À80 8C. Brains were sectioned into coronal sections (40 mm) on a cryostat and stained with Cresyl Violet. The rostro-caudal and dorso-ventral extent of the lesion was then plotted on standard diagrams of the cortex, taken from the atlas of Paxinos & Watson (1986) . Only rats showing homogenous bilateral extensive cortical lesions were included in the statistical analysis.
Statistical analysis
The overall effects of the prefrontal cortical lesions on daily performance were measured for the task-dependent variables (i.e. number of correct, premature, delayed response). Mean baseline data were obtained for pre-and postlesion session blocks. The time course of effects was measured by pooling successive sessions by blocks of seven sessions with block 1, block 2, block 3 and block 4 corresponding to the seven preoperative sessions, to postoperative days 7-13; 14-23 and 24-32, respectively. Repeated measures ANOVA (Statview 5, SAS Institute Inc., Cary, NC, USA) with one between-subjects factor (lesion) and two within-subject factors (pre-and postsurgery performance) was conducted for all dependent variables. Further analysis of significant effects was conducted with the paired t-test and NewmanKeuls test. Significant differences between lesions of the AC or PL-IL groups were assessed using a two-factor ANOVA, with the sham and the two lesion subgroups as the between-subject factor and the pre/posttreatment the within-subject factor, followed by post hoc tests when appropriate. Paxinos & Watson (1986) . Black and shaded areas indicate minimal and maximal extent of the lesions, respectively (A). Cg1, cingulate cortex area 1; DP, dorsal pedoncular cx; IL, infralimbic cortex; M2, secondary motor cortex; MO, medial orbital area; PL, prelimbic cortex. Photomicrographs of coronal sections stained with cresyl violet of rats belonging either to the mPFC lesion (D), PL/IL lesion (E) or AC lesion (F) group. In Experiment 1 (D), the cell loss is indicated by the lack of staining in the prelimbic-infralimbic region extending to the more dorsal parts of the mPFC. In Experiment 2, the cell loss is restricted to the PL-IL area (E) or to the AC area (F). Scale bars, 850 mm (D); 1 mm (E); 900 mm (F). To analyse the effects of behavioural challenges on performance after recovery of baseline, one-way ANOVA compared the premature responses for the five sessions with decreased or increased interval values with the five baseline sessions preceding the challenges, in control and mPFC-lesioned animals.
The distribution of premature responses (expressed as percentage of the total number of premature responses by 50-ms bins) was further analysed with regards to the various foreperiods in a representative preand postoperative session (on day 8 where the effects of the lesion were maximal). In agreement with the distribution requirements of the ANOVA, data were subjected to arcsine transformation (Winer, 1971) and analysed using a two-way ANOVA with the two groups (control/ mPFC or IL-PL/AC lesions) as between-factor and two within-subject factors: pre/postlesion and the four preparatory periods. The RTs, averaged by delay in all subjects during a pre-and postoperative session on day 8, were submitted to a one-way ANOVA with two withinsubject factors, as described above.
Results
Histology
The extent of mPFC lesions [PL-IL or cingulate cortex (Cg1)] is illustrated in Fig. 2A -C, respectively. In Experiment 1, the lesion extended to the greater part of mPFC ( Fig. 2A) , including the anterior cingulate cortex (AC), PL and parts of the IL. In some cases, the lesion included the medial orbital area. Lesioned animals showed marked gliosis and a loss of neurons at the infusion site as seen on the histological photomicrograph (Fig. 2D) . In Experiment 2, lesions were restricted to the PL-IL area (Fig. 2B) or the cingulate area Cg1 (Fig. 2C) . Two animals of the PL-IL subgroup and three animals of the AC subgroup showing unilateral lesions only were discarded. Photomicrographs of the selective lesions are shown for representative subjects of each lesion group ( Fig. 2E and F) . In the three lesion groups, the damage included the pregenual medial mPFC with minimal cell loss observed in the supragenual cortical areas.
Experiment 1: lesions of the medial prefrontal cortex
In preoperative sessions, no significant difference was observed between the two groups (lesion n ¼ 12 or sham-operated animals n ¼ 15; Fig. 3 ). The responses were distributed among 60, 35 and 5% of correct, premature and delayed responses, respectively. The overall ANOVA with repeated measures over time revealed a significant group Â block of sessions interaction (F 3,75 ¼ 27.76; P < 0.01). Analysis within the mPFC group showed that the lesion significantly decreased the correct responses and that the effect was maximal during the first 2 weeks of testing and gradually disappeared over time (surgery-block interaction F 3,33 ¼ 99.89; P < 0.01). Subsequent analysis revealed a significant difference between correct performance of sham-and lesioned animals during the first block and a trend toward an effect of lesion on the second block of testing (simple ANOVA F 1,25 ¼ 43.05, P < 0.01 and F 1,25 ¼ 3.92; P ¼ 0.058, respectively). When compared with the preoperative level of performance, the analysis revealed a significant long-lasting effect of the lesion in the mPFC group (paired t-test, P < 0.01 for the three blocks). The major deficit produced by the lesions was found on premature responses rather than on delayed responding (not shown). A significant interaction group Â block of sessions was found on the number of premature responses over time (F 3,75 ¼ 30.29; P < 0.01). Within the lesion group, a significant difference was observed between the successive weeks of testing (surgery Â time interaction F 3,33 ¼ 90.81; P < 0.01) with a maximum effect of the lesion during the first week and a progressive return to baseline performance within 3 weeks (all P < 0.01 for comparison with preoperative values). A significant difference between premature responses of the sham and lesion groups was observed during the first and second block of postoperative sessions (F 1,25 ¼ 44.68, P < 0.01 and F 1,25 ¼ 4.89; P < 0.05, respectively). Although the mean RT was not different from preoperative values, the individual analysis of RT distribution revealed that the mPFC lesions severely disrupted the Gaussian-like distribution normally observed in baseline sessions (Fig. 4, open bars) . The lesion induced a shift towards the left side of the distribution with a peak of short RTs (below 100 ms) not triggered by the cue, which were considered as anticipations rather than 'true' RTs and included in the premature responses. In some subjects, the distribution was scattered between short and long RTs (over the 600 ms limit) revealing a general disruption of the preoperative pattern of responding (Fig. 4) .
To characterize further the deficits assessed by increase of premature responding, the distribution of these responses was plotted as a function of time in relation to the various preparatory periods (foreperiods) preceding the cue onset in a pre-and postoperative session in the mPFC lesion group and compared that of the sham-operated group ( Fig. 5A and B) . According to classical models of motor preparation using simple RT procedures, when preparatory periods of variable durations are equiprobable and randomized within a series of trials, the conditional probability of the cue onset increases as time elapses. Thus the level of preparation would increase as a function of increasing probability of cue occurrence (e.g. after the second and third intervals). In agreement with this hypothesis, the pattern of responding in preoperative sessions for control and lesioned subjects was not distributed randomly. The proportion of premature responses increased as a function of time and reached a peak preceding the cue onset by 50-100 ms for the two longest foreperiods (1000 and 1250 ms) as illustrated by a dashed area in Fig. 5A and B. This pattern of response was disrupted totally by mPFC lesions (Fig. 5B) with an equally distributed proportion of responses in each foreperiod. The peak of responses preceding the cue onset, after the longest foreperiod, was preserved, however. The overall ANOVA with repeated measures indicated a significant interaction between groups Â surgery Â foreperiods (F 3,75 ¼ 2.79, P < 0.05). There was a significant interaction for surgery Â foreperiods (F 3,75 ¼ 4.54, P < 0.05). There was a significant difference between groups (F 1,25 ¼ 5.39, P < 0.05) but no significant interaction group -Â surgery (F 1,25 ¼ 0.3, ns). Subsequent analysis performed in the control group indicated a significant effect of foreperiods (F 3,42 ¼ 42.91, P < 0.01) and no effect of surgery (F 1,14 ¼ 0.01, ns). More importantly, there was no interaction surgery Â foreperiods (F 3,42 ¼ 0.34, ns) showing that the increase in the proportion of premature responses as a function of the length of the foreperiods was not affected by surgery. In the mPFC group, there was a significant effect of foreperiods (F 3,33 ¼ 10.47, P < 0.01) and no main effect of surgery (F 1,11 ¼ 0.8, ns). In contrast to control animals, there was a significant interaction of surgery Â foreperiods (F 3,33 ¼ 5.69, P < 0.05) revealing that the increase of premature responding as a function of time in a preoperative session (F 3,33 ¼ 14.28; P < 0.01) disappeared after the lesion (F 3,33 ¼ 1.37, ns). Furthermore, the mPFC-lesioned animals exhibited a small increase of premature responses (< 10%) in the first 50 ms following the lever press, revealing impulsive responsiveness after the lesion (not shown).
The effects of the mPFC excitotoxic lesions on the motor preparatory mechanisms were investigated further by examining the variation of RTs in relation to the different foreperiods ( Fig. 5C and D) . Indeed, should the animals have used the conditional probability of cue occurrence, RTs would have been faster as the preparatory level increases. The overall ANOVA with repeated measures indicated a significant interaction of groups Â surgery Â foreperiods (F 3,75 ¼ 2.89, P < 0.05). In parallel to what was observed on the pattern of premature responses as a function of delays, a disruption of the delay-dependent decrease of RTs was revealed. There was not a significant interaction between surgery Â foreperiods (F 3,75 ¼ 1.4, ns), a significant main effect of foreperiods (F 3,75 ¼ 22.31, P < 0.01) and no significant interaction group Â surgery (F 1,25 ¼ 0.1, ns). In the control group (Fig. 5C) , the ANOVA indicated a significant effect of foreperiods (F 3,42 ¼ 7.6, P < 0.01) and no effect of surgery (F 1,14 ¼ 0.08, ns). There was not a significant interaction of surgery Â foreperiods (F 3,42 ¼ 0.15, ns) indicating that the surgery did not affect the pattern of responding expressed by the speeding of RTs as the preparatory periods increases. As shown in Fig. 5D , in the mPFC lesion group there was a significant effect of foreperiods (F 3,33 ¼ 20.67, P < 0.01) and no main effect of surgery (F 1,11 ¼ 0.03 ns). More interestingly, there was a significant interaction surgery Â foreperiods (F 3,33 ¼ 5.82, P < 0.05). A delay-dependent speeding of RTs was observed preoperatively (F 3,33 ¼ 54.59, P < 0.01). There was still a significant but milder effect of foreperiods in the mPFC group postoperatively (F 3,33 ¼ 4.24, P < 0.05). This effect is caused by a significant higher mean RTs in the shorter foreperiod (e.g. 500 ms) in comparison to the three others (all paired t-tests, P < 0.05) with no difference of mean RTs between the other foreperiods (all P > 0.30; Fig. 5D ).
Long-term effects of the lesion: behavioural challenges
In order to assess the long-term effects of the lesion (40-60 days postlesion), the attentional demand of the basic task was increased and the ability of lesioned animals (n ¼ 7) to adapt to changes in the duration of the variable foreperiod was compared with that of control animals tested in a similar situation (Fig. 6 ). When the foreperiods were 100 ms shorter than in the control situation, the performance of control rats was improved, as shown by a significant decrease in premature responses (ANOVA F 1,12 ¼ 13.917; P < 0.01). Lengthening the intervals by 100 ms did not significantly increase premature responding in the same animals. In contrast, rats with mPFC lesions showed no improvement in performance in the short interval conditions, whereas longer intervals increased premature responding significantly (ANOVA F 1,6 ¼ 6.63; P < 0.05), suggesting that the lesions disrupt the ability of rats to adapt to new time contingencies even 2 months after lesioning.
Experiment 2: lesions of prelimbic-infralimbic cortex or anterior cingulate cortex
The effects of ibotenic acid lesions of the PL-IL (n ¼ 7) or AC (n ¼ 9) subregions were analysed daily for the preoperative block and the two postoperative blocks of seven sessions ( Fig. 7A and B) .
Both control groups (n ¼ 6 and n ¼ 10 for PL-IL and AC lesions, respectively) showed the same pattern of results before and after operation (all analysis performed on correct and premature responses over time indicated no interaction between groups, all F < 1.0). There were thus combined as a single control group for subsequent analyses. The overall ANOVA revealed a significant effect of group treatment between the pre-and the two postoperative blocks of seven sessions for correct (ANOVA F 4,58 ¼ 6.31, P < 0.01) and premature responding (ANOVA F 4,58 ¼ 5.88, P < 0.01). Subsequent analyses showed that although there was no significant difference during preoperative sessions among the three subgroups (i.e. PL-IL, AC or sham, all P > 0.05), a main effect of lesion was found during the first postoperative block (days 7-13), for correct (ANOVA F 2,29 ¼ 9.87 P < 0.01) and premature (ANOVA F 2,29 ¼ 10.90 P < 0.01) responses. The PL-ILlesioned rats made fewer correct responses than control or AC-lesioned rats (ANOVA F 1,21 ¼ 15.68 P < 0.01 and ANOVA F 1,14 ¼ 11.68 P < 0.01, respectively). The mean number of premature responses in the PL-IL group was significantly greater than that of control and AC lesion groups (F 1,21 ¼ 16.92 P < 0.01 and F 1,14 ¼ 13.92, P < 0.01, respectively) for the first postoperative block (Fig. 7A) . In contrast, AC lesions did not modify the rats performance at any time postlesion (all P > 0.05, ns; Fig. 7B ).
As seen in Experiment 1, the proportion of premature responses was found to vary with the duration of the preparatory foreperiods ( Fig. 8A  and B) . The overall ANOVA with repeated measures indicated that there was a significant interaction of groups Â surgery Â foreperiod (F 6,87 ¼ 2.47, P < 0.05). There was a significant interaction between surgery Â foreperiods (F 3,87 ¼ 6.64, P < 0.01). There was no main effect of groups (F 2,29 ¼ 0.8, ns) but a significant main effect of foreperiods (F 3,87 ¼ 58.19, P < 0.01). As previously found in Experiment 1 in the control experiment, a significant main effect of foreperiods was observed in the control group (F 3,45 ¼ 40.67, P < 0.01) and no effect of surgery (F 1,15 ¼ 0.03, ns). There was no significant interaction surgery Â foreperiods (F 3,45 ¼ 0.33, ns) indicating that surgery did not affect the specific distribution of premature responses in relation to the different foreperiods (not illustrated). In contrast, in the PL-IL group there was a significant effect of foreperiods (F 3,18 ¼ 6.01, P < 0.01) and no main effect of surgery (F 1,6 ¼ 0.07, ns). As previously found after extensive mPFC lesions, damage to the PL-IL area disrupted the pattern of premature responding. There was a significant interaction of surgery Â foreperiods (F 3,18 ¼ 8.24, P < 0.01). As illustrated in Fig. 8A , the increase of premature responding as a function of foreperiods observed in a preoperative session (F 3,18 ¼ 16.02; P < 0.01) disappeared after the PL-IL lesion (F 3,18 ¼ 0.18 ns). In the AC group, a significant main effect of foreperiods was observed (F 3,24 ¼ 27.32, P < 0.01) and no effect of surgery (F 1,8 ¼ 0.003, ns) . In contrast to the PL-IL lesion group, there was no significant interaction surgery Â foreperiods (F 3,24 ¼ 0.6, ns; Fig. 8B) showing that AC lesions did not disrupt the pattern of premature responses.
Further analysis examined the decrease of RT as the foreperiods increase in the three groups of animals before and after surgery ( Fig. 8C and D) . The overall ANOVA with repeated measures did not indicate a significant interaction between groups, pre-and postsurgery and the four different foreperiods (F 6,87 ¼ 0.46, ns) or a significant interaction between surgery Â foreperiods (F 3,87 ¼ 0.57, ns). There was a significant effect of foreperiods (F 3,87 ¼ 41.91, P < 0.01). In the control group (not illustrated), there was a significant effect of foreperiods (F 3,45 ¼ 27.82, P < 0.01), no effect of surgery (F 1,15 ¼ 0.8, ns) and no significant interaction surgery Â foreperiods (F 3,45 ¼ 0.27, ns). As shown in Fig. 8C , in the PL-IL lesion group there was a significant effect of foreperiods (F 3,18 ¼ 6.16, P < 0.01) and no main effect of surgery (F 1,6 ¼ 0.9 ns). There was no significant interaction of surgery Â foreperiods (F 3,18 ¼ 0.65, ns) suggesting that the preoperative delay-dependent speeding of RTs was only partially altered by PL-IL lesions. By contrast, AC lesions did not induced modification in the rats preparatory processes to perform the RT task (Fig. 8D ). There was a significant effect of foreperiods (F 3,24 ¼ 15.63, P < 0.01), no effect of surgery (F 1,8 ¼ 0.4, ns) and no significant interaction surgery Â foreperiods (F 3,24 ¼ 0.16, ns). Fig. 6 . Effect of manipulating the duration of the foreperiods preceding the visual stimulus. Mean number of premature responses averaged on five consecutive sessions in the sham and mPFC-lesioned groups of rats (n ¼ 7 each). When the foreperiods were 100 ms shorter than in the control situation (i.e. 400, 650, 900 and 1150 ms), the performance of control rats was improved, as shown by a significant decrease in premature responses. Lengthening the intervals by 100 ms (i.e. 600, 850, 1100 and 1350 ms) significantly increased premature responding of the rats with mPFC lesions, thus reinstating the initial deficit. 
Discussion
The main results are that bilateral excitotoxic lesions of the rat mPFC disrupt the information processing involved in the preparation of rapid movement triggered by a cue light. The major deficit was expressed as an increase in premature responses occurring before the visual cue onset. The distribution of these responses in relation to the variable and randomized foreperiods preceding the cue was totally disrupted by mPFC lesions. Moreover, the shortening of RTas the foreperiod elapses, observed in preoperative sessions, was no longer observed after mPFC lesions. Though transient, these deficits were reinstated more than 50 days after the lesion, when the time uncertainty was increased by varying the duration of the foreperiods. No effect on delayed responses or on mean RT was observed. Overall, these results indicate that the rat mPFC play an important role in the preparatory processes to the conditioned movement triggered by the cue. Whereas lesions restricted to the PL-IL area of the mPFC yielded a similar pattern of deficits, AC lesions, in contrast, produced no significant effects.
The concept of preparation, defined as the processes by which organisms are readied for perceiving future events and reacting to them, has provided a basis for the chronometric studies commonly used in humans and non-human primates to study preparatory processes associated with discrete motor acts. In simple RT paradigms, when the preparatory periods of variable durations are randomized, human subjects generally show a tendency to produce faster RTs as the duration of the foreperiod increases (Näätänen, 1970) . When initiating the trial, the conditional probabilities of the cue light occurring at the end of four equiprobable and randomized foreperiods are 0.25, 0.33, 0.5 and 1.0. It is therefore concluded that the subjects acquire information from the amount of time elapsed and increase their preparatory level (for review see Kornblum, 1973; Meyer et al., 1988; Polzella et al., 1989; Requin et al., 1991) . The present results show that after 3 months' testing, and in postoperative sessions in control rats, the correct RTs shortened as the length of the foreperiod increased. This is one of the first demonstrations that rats are able to use the conditional probability of the stimulus occurrence to improve their performance providing sufficient training is given. The delay-dependent speeding of RT or 'motor readiness' appear to be dependent on striatal dopamine as a dopamine depletion in the striatum disrupts this function (Brown & Robbins, 1991; Baunez et al., 1995) . The present results support the implication of the mPFC in rats, probably within the cortico-striato-cortical loops (Alexander et al., 1986) , in the motor preparation of the conditioned response. The mPFC is known to be involved in attentional processes as previously found in rodent studies (Granon et al., 1996 (Granon et al., , 1998 Bussey et al., 1997; Ragozzino et al., 1999a, b; Birrell & Brown, 2000) . Our results are consistent with this view, showing that the animals had to sustain attention to the cue to optimize their response.
The lesions of the mPFC or the PL-IL not only disrupted the motor readiness but also the pattern of the premature responses. In contrast to the expected increase in premature responses as the length of the foreperiods increases in preoperative sessions, the proportion of these responses were constant across all foreperiods after mPFC or PL-IL lesions. Furthermore, the scattered distribution of RTs observed after large mPFC lesions emphasizes a randomized pattern of responding. These findings might be related to a loss of inhibitory control leading to impulsive responsiveness and a failure of suppressing prepotent responding tendencies (e.g. lever depressing without any relation to the cue). This is a general feature observed in human and non-human primates with frontal lesions (for review see Fuster, 1989 Fuster, , 1997 Miller, 1992; Dias et al., 1996 Dias et al., , 1997 Evenden, 1999) . A general increase in impulsivity could not, however, account for all the deficits measured. Although the level of early withdrawal was high in the first 50-ms period, these responses amounted only 10% of the overall premature responses in mPFC-or PL-IL-lesioned rats and could not result from generalized activation. Furthermore, when tested in locomotor activity cages, the mPFC-lesioned rats did not show any increase in spontaneous activity as compared with control animals (C. Risterucci and M. Amalric unpublished results). In contrast, the peak of the responses preceded the cue onset for the longest foreperiods, further suggesting that the lesioned animals were still able to depress the lever for more than 1000 ms but were impaired in their time estimation, thus releasing the lever too soon.
This deficit in time estimation after mPFC lesions is consistent with earlier studies in primates, where single unit activity recorded in the dorsolateral region of the PFC and anterior cingulate cortex was found to be increased or decreased during the delay preceding the stimulus onset in timing task, thus reflecting time estimation processes (Niki & Watanabe, 1979; Kojima & Goldman-Rakic, 1982) . Furthermore, earlier studies in monkeys or cats with frontal lesions have shown that they were deficient at tasks that require timing (Glickstein et al., 1964; Rosenkilde & Divac, 1976) . A few studies investigating timing behaviour in rodents showed that mPFC lesions produced a shift of responses to the right in a peak-interval procedure consistent with underestimation of the time elapsing in tasks involving intervals discrimination of longer duration (10 and 40 s; Olton, 1989; Dietrich & Allen, 1998) . In these specifically designed timing tasks, however, the specificity of the mPFC regions mediating these processes was not characterized as the lesions were extensive following aspiration of the mPFC. The present results therefore suggest that the mPFC lesions disrupt the estimation of the longest foreperiods that produce deficits in the motor response. Reaction times were constant over the delays suggesting that lesioned rats, although still able to perform the task, exhibited specific deficits in their capacity to adapt their motor responses in relation to the preparatory periods. Restricted lesions to the PL-IL area produced similar impairment in the motor preparatory processes, although to a lesser extent. Previous studies have shown that thermocoagulatory lesions of the fronto-parietal cortex produce a long-lasting increase of premature responses in a similar task (Baunez et al., 1998) . Taken together, these results suggest that the PL-IL area participates in functions classically attributed to the premotor and supplementary motor cortex in primates, and support the hypothesis that this area could also control the execution of skilled forelimb movements in operant procedure, establishing to some extent across species similarities in higher-level cognitive processes in nonhuman and human primates.
Conversely, lesions to the AC do not appear to impair or disrupt these functions. This was surprising considering the prominent connections of the AC cortex with motor systems in non-human primates (Devinsky et al., 1995; Bush et al., 2000; Procyk et al., 2000) and rodents (Lopes da Silva et al., 1990) . Furthermore, Bussey et al. (1997) have found that AC lesions facilitate the acquisition of a conditional visual discrimination in the early stages of learning, whereas posterior cingulate lesions disrupt it. Increases in premature responses is also observed after AC lesions in the five-choice serial RT task (Muir et al., 1996) . Because the AC lesions were limited to the pregenual portion in the present study in contrast to the above-mentioned studies, it might well be that lesions encompassing the supragenual area of the AC cortex could have impaired the RT performance. Alternatively, lesions of the AC cortex could also disrupt response selection in a choice RT or even impair the learning phase of the simple RT paradigm, which remains to be evaluated. The lack of effect of AC lesions on RT performance is not likely to be attributed to the smaller size of the lesions when compared with the PL/IL lesions because similar lesions restricted to the dorsal AC subregion severely impaired the temporal organization of behavioural sequencing on a delayed alternation task (GisquetVerrier et al., 2000; Delatour & Gisquet-Verrier, 2001 ). Indeed, the deficits were only observed when the integration of temporal cues was required and not when the response had to be selected on spatial cues. Furthermore, the same AC lesions did not produce deficits when a delay was introduced between the stimulus onset and the response in a go/no-go task once the performance is acquired, in contrast to PL/IL lesions . Because in our experimental conditions, the temporal pattern of response did not require the animals to switch on to different behavioural sequences, this could explain the lack of deficits observed after AC lesions in the RT task.
The deficits observed in our experimental conditions were transient and lasted for 3-4 weeks, showing the remarkable degree of functional recovery in the animals bearing mPFC lesions. They were reinstated, however, more than 2 months after surgery by challenging the subjects with a variation of the intervals preceding the cue. The mPFC-lesioned animals were unable to adapt to these new time contingencies therefore providing further arguments to support a role of mPFC in behavioural flexibility. It is worth noting that the PL-IL area is involved selectively in tasks requiring behavioural adjustment and when the response had to be delayed (Delatour & Gisquet-Verrier, 1999 , 2000 Gisquet-Verrier et al., 2000) . These deficits might have included working memory impairment as classically observed after PFC lesions in primate (Goldman-Rakic, 1987 ) and rats (Brito & Brito, 1990; Granon et al., 1994; Granon & Poucet, 1995; Seamans et al., 1995; Fritts et al., 1998; Ragozzino et al., 1998; Delatour & Gisquet-Verrier, 1999 , 2000 Kesner, 2000; . The specificity of a working memory deficit was questioned, however, as it might also reflect a lack of behavioural flexibility (Granon et al., 1994; Delatour & Gisquet-Verrier, 1996 , 2000 Fritts et al., 1998; Ragozzino et al., 1999a) . In line with this, PL-IL lesions neither impair visual discrimination nor spatial learning but rather disrupt strategy switching behaviour, providing further arguments for a role of PL-IL in behavioural flexibility (Ragozzino et al., 1999a, b; Gisquet-Verrier et al., 2000) .
Altogether, our findings suggest that as previously reported in primates and more recently in rodents, the mPFC is not a functionally homogeneous region. They provide further evidence that the PL-IL area but not the pregenual portion of the anterior cingulate area disrupt the preparatory processes of RT performance involving time estimation, attentional processes and inhibitory control.
